Dynamics model of the force sensor in the HapHCI
A typical haptic human-computer interaction system is show in Figure 1 . The human operator holds the human-computer interaction device (e.g. hand controller, master manipulator, Phantom hand, etc.) to control the avatar (e.g. virtual hand, virtual probe, etc.) touch with the virtual objects in virtual environment. The force sensor is usually installed between human hand and the human-computer interaction device, which is used to measure the interactive force between them. The position sensor on the human-computer interaction device acquires three dimensional space position of the human hand as command input to the virtual environment. The computer calculates the interactive force between avatar and virtual objects by using the haptic model and feeds the touch force back to the human hand through the human-computer interaction device. In general, the HapHCI system in Figure 1 can be represented by the block diagram of Figure 2 . The dynamics of interaction between human hand and HapHCI system is given as follows. where x and f denote position and force, respectively; M, B and K denote mass, damp and spring coefficient, respectively; subscript 'fsensor', 'm' and 'psensor' denote the force sensor, hand controller and the position sensor, respectively; fh is interactive force between human hand and HapHCI device, and fv is calculation force by computer based on haptic model. Considering the position sensor is usually relatively very small in size and very light in weight, the equation (1) can be rewritten as
For an ideal virtual environment, its dynamics can be expressed as
According to analogy between mechanical and electrical systems [Anderson, Spong, 1989] , equation (3) (4) can be rewritten by using Laplace transformation as follows 
Thus, we can represent the HapHCI system as a circuit, shown in Figure 3 . [Lawrence, 1993] . Here, we extend the transparency notion to evaluate HapHCI system. If a HapHCI system is completely transparent only when it satisfies the condition
where feel Z is the virtual impedance felt by the human operator.
From equtions (5) (6) (7) (8), we have
So it is obvious, reducing the mechanical impedances of force sensor and HapHCI device Z both equal to zero, the HapHCI system is completely transparent.
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Because the damp of force sensors is near zero and stiffness is relatively very high, the mechanical impedance of force sensor is mainly determined by its mass. Therefore, from the viewpoint of transparency, one of the important requirements of multidimensional force sensor design is mass minimization.
Principles of force/torque sensor design for HapHCI
Human-computer interaction requires different properties of a force sensor than typical robot applications such as machining and assembly. These differences have substantial impact on how a force sensor can be designed.
Fewer degrees of freedom required
Owing to the difficulty of mechanical design and motor control for HapHCI device with 6 DOF force feedback, most of the existing HapHCI devices are designed with 3 DOF force feedback, sometimes one torque feedback in addition, although they may be able to move in six directions including 3 DOF translations and 3 DOF rotation. In spite of six axes force/torque information may be required for some cases in HapHCI systems, the 4 axes force/torque signals, that is three axes forces Fx, Fy, Fz, and one axis torque Mz, are key components of the six axes force/torques, because the torques Mx, My are easy to calculate from the measured forces Fx, Fy and their contact points [Nagarajan et al, 2003] . That is to say the four axes force/torque signals Fx, Fy, Fz, and Mz are sufficient for force sensor design. Commercial multi-axis force/torque sensors typically measure all six axes forces and torques. In the existing commercial 6 DOF force/torque sensors, there are at least 32 necessary strain gauges stuck to the cross elastic beam, as shown in Figure 4 . Owing to difficulty of accurately sticking so many strain gauges to the cross beam, the 6 DOF force/torque sensors usually are very expensive, which restrict their application in HapHCI systems. Another problem of the existing 6 DOF force/torque sensors is coupled interference or noise among six axes, which causes the calibration become much complicate and difficult. 
Sensitivity and stiffness requirement
The multi-dimensional force sensor for industrial robot needs very wide bandwidth (more than 1000 Hz bandwidth is often required), which causes the conflict between sensitivity and stiffness during the force sensor design. However, this problem is not faced at all when designing force sensor for HapHCI system. The first reason is the interactive force between human hand and HapHCI device often changes at lower frequency mainly owing to the softness of human hand. The second reason is human is relatively insensitive to small force change and small displacement. So the sensitivity and stiffness of the multi-dimensional force sensor for HapHCI can be lowered a lot (just over 100 Hz bandwidth is needed), which will greatly reduce its expense of fabrication.
Size and weight requirement
The size and weight of the force/torque sensor for HapHCI is very important. Section 2 has concluded the mass minimization is necessary for force sensor design for HapHCI systems, that means less weight and small size is required. Another reason is that if its diameter is larger or its thickness (length) is longer, it can produce larger inertial force when human hand pulls or pushes the HapHCI devise with a speed, which will reduce both the precision of force measurement and human sense of touch. Furthermore, big size of force sensor will cause it is not easy to install on the existing HapHCI devices (e.g. hand controllers, master manipulators, Phantoms, etc.).
A new mechanical structure of the force/torque sensor
We have developed a novel mechanical structure for 6 DOF wrist force/torque sensor before [Huang et al, 1993] . By improving this mechanical structure, we design a new mechanical structure for 4 DOF force/torque sensor for HapHCI [Song et al, 2007] , as illustrated in Figure 5 . The elastic body of 4 DOF force/torque sensor consists of center support of the elastic body, cross elastic beam, compliant beams and the base of the elastic body. Where, the cross elastic beam is composed of four symmetric horizontal beams. And four vertical compliant beams connect the four corresponding horizontal beams to the base, respectively. The whole elastic body is designed to be monolithic and symmetric. Thus, the mechanical structure of the 4 DOF force/torque sensor is light and simple. 
Strain analysis in theory
It can be assumed before analysis that: (a) The stiffness of the elastic body designed is strong enough for force and moment to be applied. The deformation of the cross elastic beam is within the elastic region for the maximum force and moment applied on it. (b) The strain gauges are glued correctly, symmetrically and stably. (c) Every line of the component force passes through the center of the elastic body. Figure 6 shows the skeleton drawing of the 4 DOF force/torque sensor. When a single force in X direction Fx is applied to the elastic body through its center, the two horizontal beams in X direction OA and OC are float owing to the two vertical beams AA´ and CC´ act as compliant beams, while the other two horizontal beams in Y direction OB and OD become a freely supported beam and produce bending deformation owing to the two vertical beams BB´ and DD´ act as rigid beams. As is the case for a single force in Y direction Fy, when it is applied to the elastic body through its center, the beams OA and OC become a freely supported beam and produce bending deformation. When a single force in Z direction Fz is applied to the elastic body through its center, the two horizontal beams OA, OC and two horizontal beams OB, OD become two freely supported beams and produce identical bending deformation. When a single torque in Z direction Mz is applied to the elastic body through its center, the four horizontal beams OA, OB, OC, OD produce identical bending deformation. For the novel 4 DOF force/torque sensor, only 16 strain gauges is sufficient for measuring three axes forces and one axis torque, which is twice less than that of 6 DOF force/torque sensor. So it is much easier to stick the strain gauges on the cross elastic beam accurately. Where, E is voltage of the power supply. In Reference [Huang, 1993] , we have proved an important case of strain gauge output, if a strain gauge is glued at the neutral axis of a beam, when the beam is under bending moment in its flank, the output of the strain gauge is unchanged, as shown in Figure 9 .
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Here, it is easy to prove another important case of strain gauge output. When a beam is under a torque around its center axis, the output of the strain gauge on its side will increase as a result of the enlargement of gauge length, as shown in Figure 10 . here, K 1 , K 2 , K 3 , K 4 are coefficients of the U Fx , U Fy , U Fz , U Mz , respectively, which are determined when the 4 DOF force/torque sensor is designed. When single one of the six axes force/torques is applied to the sensor, it is not difficult to deduce the relationship between 16 gauge outputs and each of the six axes force/torques from the theory of Mechanics of material. The results are seen in table 1. Here, "+", "-" denote the increment and reduction of gauge output, respectively, and "0" means fixedness. 
Coupled interference analysis by using Finite Element Method
Finite Element Analysis Method (FEM) as the name implies can be used for exact analysis of the elasticity problems. We use the commercial FEM software called ANSYS, produced by ANSYS Corporation, USA, to analyze the coupled interference of the new 4 DOF force/torque sensor.
Finite element model of the elastic body
The discretization of the domain into sub-regions is the first of a series of steps that must be performed for FEM. The subdivision is usually called mesh generation, and a finite number of sub-domains are called elements. The discretization of the body involves the decision as to the element number, size and shape of sub-regions used to model the real body. We discrete the elastic body of the 4 DOF force/torque sensor into sub-regions by using ANASYS software. Here, the element type is set as SOLID95 high-precision element available in the ANSYS, which is much suitable for analysis of bending and twisting of the elastic beam. And the Smart-Size function of the ANSYS is used for mesh generation control. Figure 11 shows a FEM model of the elastic body of the sensor with 49720 element nodes and 28231 elements after mesh generation. The material of the elastic body is aluminium with the parameters as follows: Young's modulus is 72×10 9 Pa, Poisson ratio is 0.33, and density is 2.78×10 3 kg/m 3 . The size of the elastic body is shown in Table 3 . Size of the elastic body
Strain analysis under six axes force/torques
(1) bound condition set The elastic body is fixed on the shell of the force/torque sensor through eight bolts on the base, so the connection between them can be regarded as rigid connection. Therefore the total degree of freedom of the base of the elastic body can be set as zero.
(2) applied force/torques Each single one of the six axis force/torques is applied to the elastic body through its center, respectively. When a single force or torque is applied to the elastic body, the overall deformation of the elastic body is easy to calculate by using the ANSYS software. What we care about is the strain outputs at the 16 points on the cross beam, to which the 16 strain gauges are stuck, shown in Figure 7 . Figure 12 , and the strain outputs are seen in the Table 4 . Fig. 12 . Deformation of the elastic body under each single force/torque Table 4 into the equation (10) yields the output matrix as Figure 13 shows the prototypes of 4 DOF force/torque sensor fabricated in our Lab, which is designed with force measurement range ±20N, and torque measurement range ±20×4.5 N.mm. The relationship between the measurand and the output signal is usually obtained by calibration tests. The calibration procedure of the force/torque sensor is performed as follows. We apply single one of the 4 DOC force/torques on the sensor with a series of values changed from the minimum to the maximum, respectively. And in the meantime, we set other five axes force/torques to be fixed values. After a round of measurement of 4 DOC force/torques, we set the other five axes force/torques to be new fixed values, and do the same measurement again. Figure 14 shows the calibration test results. Here, when one axis force/torque is calibrated, the other five axes force/torques are set at zero, half of their full scale values, full scale values, respectively. The calibration results indicate the error of F x measurement is 0.5%F.S., the error of F y measurement is 0.5%F.S., the error of F z measurement is 0.7%F.S., and the error of M z measurement is 1.3%F.S. Thus the measurement error of the 4 DOF less than 1.5%F.S. (The measurement error of existing commercial 6 DOF force/torque sensors is usually large than 10% F.S. if without decoupling matrix calculation). Although the above error consists not only the coupled interference, but also some other interferences such as error of strain gauge sticking, circuit noise, etc., it is clear that the calibration test results are well correspond with the analysis results of FEM. The result of impulse response experiment on the 4 DOF force sensor indicates its bandwidth is 210 Hz [Qin, 2004] . Although it is lower than that of the commercial 6 DOF force sensor, it completely meets the bandwidth requirement of HapHCI (>100Hz).
Calibration test results

Conclusion
A new type multi-dimensional force sensor design for HapHCI is described in this chapter. We build the dynamics model of the force sensor in the HapHCI and give the general principles of force/torque sensor design for HapHCI. According to the proposed design principles, a novel 4 DOF force/torque sensor for HapHCI is developed, which is designed to measure three axis forces Fx, Fy, Fz, and one axis torque Mz by ignoring the other two axis torques. In this chapter, the mechanical structure of the 4 DOF force/torque sensor is presented, and the strain of the elastic body is analyzed in theory and by FEM analysis software ANSYS, respectively. The FEM analysis and calibration results show the new force/torque sensor has low cross sensitivity without decoupling matrix calculation, which means the new force/torque sensor is mechanically decoupled. This new 4 DOF www.intechopen.com
